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PROBLEM  OF  CALCULATING  BOLTED  JOINTS 
UNDER  STRESS  RELAXATION  AND  CREEP 
CONDITIONS  DURING  VIBRATIONS 


D.  Ya.  Bragin,  I.  N.  Shkanov,  and 
G.  V.  Vasil'yev 


The  existing  methods  for  calculating  tight  bolted  joints  for 
stress  relaxation  are  based  on  equations  corresponding  to  a 
particular  theory  of  creep  which  gives  the  most  accurate  quantita¬ 
tive  description  of  the  creep  and  stress  relaxation  of  fastening 
materials  in  the  examined  specific  conditions.  Thus,  for  example, 
I.  A.  Birger  [1]  uses  the  flow  theory  developed  by  L.  M.  Kachanov 
for  calculating  bolted  Joints i  other  authors  use  the  theories  of 
Yu.  N.  Rabotnov  and  N.  M.  Belyayev.  However,  the  calculation 
relationships  for  describing  the  creep  and  stress  relaxation, 
obtained  on  the  basis  of  these  theories,  are  in  good  agreement 
with  the  experimental  data  only  for  the  pure  metals  and  alloys 
structurally  stable  at  Increased  temperatures  and  are  less  suitable 
for  describing  these  processes  in  the  heat  resistant  aging  alloys 
based  on  nickel,  working  under  conditions  of  vibrations,  especially 
in  the  temperature  range  of  their  aging  intensified  by  vibrations 
and  progressive  with  a  decrease  in  the  specific  volume  of  the 
material.  In  our  opinion  the  following  equation  of  stress 
relaxation  proposed  by  B.  M.  Rovinskiy  [2,  3,  *1]  Is  "Stable 

for  these  purposes: 
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(1) 


ir/t: 


<5^  -  <50  cr.p[-  k/C]*, 


which  geim-valiaes  the  known  Maxwell  equation  when 


(2) 


although  this  ..expres  ses  a  more  complex  dependence  of  the  material's 


viscosity  factor  y ,  as  compared ~wlTh'~''MaxweTr~equatl'on',‘  but  it 
describes  the  stress  relaxation  process  more  accurately  for  the 
heat  resistant  alloys  tested  by  us,  used  for  manufacturing 
fas  to  hi  ng  part  s . 

In  eq.xtions  (1/  and  (2),  a  and  a  are  the  primary  stress 
and  Istress. -.at  the :  moment ,  of  time  t,  respecively;  p  is  the  material's 
index  of  re  laxational  pliability;  k*?  is  the  coefficient  character- 
izingTthe  duress  decrease  in  the  initial  period;  E  is  the  modulus 
of  longitudinal  elasticity  of  the  material.  Using  the  values  of 
coefficients  kf  and.  o.  it  is.  possible  to  make  a  practical  calcula¬ 
tion  both, :  for,  the  stress  relaxation  as  well  as  for  ere 


ep . 


The 


met  hoc:  -f°r  determining  the  coefficients  taking  into  account  the 
peculiarities  of  stress  relaxation  in  heat  resistant  alloys  under 
conditions  of  vibrations  is  described  in  work'  [5]. 


1*he  condition  of  tightness  for  -a  bolted  j  oint  will  0* 
up  -to  t  certa.n  time  by  the  constancy  in  the  dimensions  -r 
and  bolt  £in  the  case  of  the  absolutely  rigid  flange 
th-.  tightness  of  the.  junction  under  the  effect  of  the  ape"  i 

b0l 


1  th 


ne 


la- id  is  broken  due-  to  the  relaxation  of  stresses  ii 
("u  the  case  of  pliable  flanges,)  by  the  change  in  the  dime:; 
within  the  limits  corresponding  to  a  tight  union  when  as  a. 
.  f  t ! i e  bolt  creep  under  the  -ef  (ect  of  the  applied  1  oad  and 
increased  temperature  there  wijl  occur  a  "straightening"  of 
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compressed  flanges.  In' this  case,  even  though  the  creep  of  Liu: 
flanges  and  the  bolt  will  be  different,  tin;  total  relative  elonga¬ 
tion  (elastic:  and  plastic)  should  be  identical.  Then  from  the 
condition  of  strain  compatibility  of  the  boLt  and  flanges  we 
cat)  write  the  condition  which  satisfies  tncir  tight  mutual  union: 


_L  dt?JL  «.  5a  *  J~  4®.*  +.  *.  o 

if  eK  ffi  ft# 


In  this  case,  for  the  flange  unior,'  it.  is  valid  to  pose  the  require 
merits,  for  constant  ratio  between  , the  stresses ..ip  the- bolt  and 

■  ■  "i  *  •  ■  •  i  ■ ••  ,’i 

flanges ,  1 . e.  ,  1  1  . ;  1  ■- 


'  I  /l  .  ' 


'  ■  - 

1  ■  <3T  ci 


,ahd  eons tan*  vqtio  of  their  coefficients  of  viscosity 


Then,,  aftpf*  substituting  (4j)  and  («j)  and  alj’fJO  .. 

■  'N.  '  -  1  '  !•!  " 

1..  JLi-U  t  1 

c;  Bf  s+ct  -jj;  ...| 

'  ,  .  -  ■  :  -  „  ■!  U,  :  .  ; 

'diff^:','i‘nt'J.'uI,VlC;q.uatiopi  (3)  it  iwi.il  assume  the  form: 
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-rtcr  Integrating  equation  (7)  within  the  limits  from  oo  to  o' 
and  from  0  to  1  with  the  consideration  of  (d).  for  the  holt  mater 

'  '*  1 

and  .duo l gnat  lag 


i(’^)-c« 


!•  •'  1- ’  • /., 


wo  obtain  the  following  relationship  In  the  final  form 

©t“  eacP[-ClCiK4p .  (9) 

The  introduced  relationship  (9)  i ■* . ■  o r*  1  b ^  L h- ■  general  case 
of  atresia  relaxation  Ln  the  bolt  taking  Into  account  the  effect 
of  elasticity  and  creep  of  the  intermediate  parts;.  for  a  more 
accurate  calculation  the  material  *  a  via  con  1 ty  factor  of  Use 
intermediate  parts  should  be  determined  by  the  values  of  parameters 
entering  expression  (2)  which  were  obtained  from  the  experimental, 
cufvos  on  stress  relaxation  or  creep  -during  compression.  However, 
due  to  the  fact  that  there  in  a  total  absence  of  the  former  and 
scantiness  of  the  latter  in  the-  literature,  we  can  use  the  data 
on  stress  relaxation  and  creep  during  extension,  which  la  valid 
for  small  deformati  >ns  which  do  not  exceed  i~2J»  [b‘|.  The  com¬ 
parison.  of  -he  curves  of  creep  for  alloy  during  compress  1  .>r, 

presented  in  work  [7J,  with  those  for  thi3  alloy  during  '‘Xtenslon 
speaks  in  f  a  r  of  tills  assertion.  A  somewhat  smaller  deformation 
of  statiii-.'  ~d  creep  during  extension,  as  compared  with  the  com¬ 
pression  apul!  cable  ':o  flanges  (intermediate  parts),  yields  tin; 
coefficient  wluus  iltainod  by  formulas  (2),  and  (B)  as  a 

■safety  factor  when  calculating  the  end  stresses. 

Figure  1  slews  ;he  experimental  curves  on  stress  relaxation 
A'  steel  EI;l8l  1  i  logarithmic  coordinates  wli.li 

and  without  viteati  ns  for  three  primary  stresses .  The  stress 
relaxation  character  sties  found  using  these  curves  are  tabu  I. : 1 1 
‘  Table  .1,  ivhli  .  Fig.  2  shows  their  dependences:  on  the  primary 
stress.  Vheu  dopes  lances ,  with  a  certain  degree  of  neeura.v 
(however,  satis  "a 'tory  for  engineering  calculation  ruqu l  •■(•iiient.;' 
for  threaded  connections ) ,  are  assumed  to  be  linear  etui  ;uv 
described  y  erm-1  vtcal  formulas  which  permits  one  to  I’liid  co«d‘ l'l- 
clents  p  and  1; ^  for  any  primary  stress  In  the  examined  period. 
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a 
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Pig.  2.  Stress  relaxation 
characteristics  of  steel  EI481 
as  a  function  of  the  primary 
•tress  (T  -  650  °C); 

•  «■  •  -  with  vibrations 

o  »  o  -  without  vibrations 


Fig.  1.  Stress  relaxation  ourvea 
for  steel  EI481  with  T  «  650°C 
and  primary  stresses:  a)  aQ  - 

■  30  kgf/mm2;  b)  o0  «  20  kgf/mm2; 

c)  oQ  ■  10  kgf/mm2; 

•  -  •  -  with  vibrations 
o  -  o  -  without  vibrations 
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Table  1. 


kcr/aas?!  Wlth  vibrations  |  Without  vibrations 


EI437B 


Tempera¬ 
ture,  in 
°C 

Range  of 
applica¬ 
tion 

according 
to  the 
primary 
stresses 
crQ,  kgf/rnm2 

650 

10-30 

550 

10-35 

! 

|  700 

25-45  , 

800 

10-30 

0,007  0„  4C,14* 
0,0153  0P  -0,06 


-0 ,0128  «0  *0 , 45*  0 ,0046  C.  *0 ,05* 


-0,0043  0.  *0,17  10,0045  ®0  -*0,06 


20-45 


0,017  0O  -0,36* 
0,019  0O  -0,46 


0,002  0„  40,1*  {0,0096  0,  -0,i" 


0,018  0q  -0,19 


0,00054  ©*  *  0,029  0,  -1,11" 

0,00066  3,*C,004  |O,CCC6  0,  40,05 


Note :  Empirical  formulas  for  and  p  with  vibrations  are 
indicated  with  the  asterisk. 

Table  2  shows  th<  empirical  formulas  of  the  stress  relaxation 
characteristics  of  certain  alloys,  used  in  the  manufacture  of 
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fastening  parts  for  gas  turbine  engines,  at  operating  temperatures 
and  stresses.  The  range  of  their  use  according  to  primary  Btreaaes 
is  given  for  these  formulas.  ** 


The  selection  of  empircal  formulas  was  accomplished  by  the 
graphic  method.  The  difference  in  the  scales  of  values  plotted 
along  the  axes  of  ordinates  and  abscissae  is  taken  into  account 
in  the  angular  coefficient  of  these  formulas. 

The  presented  formulas  reflecting  the  experimental  graphic 
dependence  are  obtained  on  the  basis  of  the  tests  carried  out  on 
stress  relaxation  for  the  indicated  alloys  for  a  period  of  60  ■  100 
h  with  and  without  vibrations;  some  of  them  were  experimentally 
checked  for  the  reliability  of  extrapolation  up  to  200  h.  It  turns 
out  that  the  use  of  coefficients  p  and  found  by  these  formulas 
yields  a  totally  reliable  calculation  for  200  h,  both  in  the  tests 
with  and  without  vibrations;  the  difference  between  the  final 
stresses  calculated  by  formula  (9)  for  the  case  of  rigid  flanges 
and  those  obtained  by  the  experiment  for  200  h  did  not  exceed 
10-15J{;  moreover,  calculation  by  the  formula  gave  a  stress  value 
to  within  the  safety  factor.  There  is  basl3  to  assume  that 
extrapolation  to  even  longer  time  is  possible.  However,  in  the 
majority  of  cases  it  is  precisely  during  this  period  that  the 
first,  unstabilii’ed,  most  intense  with  respect  to  the  decrease 
in  stress,  section  is  totally  completed  in  the  relaxation  curve 
of  heac-reslstant  alloys.  With  vibrations  this  section  i3 
completed  even  faster. 

Tests  on  the  Indicated  alleys  with  vibrations  were  carried 

out  at  frequencies  of  310,  470,  and  700  Hz  and  vibration  amplitudes 

2 

from  1  to  1.8  kgf/mm  .  The  tests  were  done  on  cylindrical  samples 
whose  working  section  was  100  mm  long  and  10  mm  in  diameter,  both 
with  and  without  vibrations.  The  sample  blanks  were  heat  processed 
according  to  the  series  production  technique. 
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